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We study the effective field theory (EFT) description of the virtual particle effects in quasi-single
field inflation, which unifies the previous results on large mass and large mixing cases. By using a
horizon crossing approximation and matching with known limits, approximate expressions for the
power spectrum and the spectral index are obtained. The error of the approximate solution is within
10% in dominate parts of the parameter space, which corresponds to less-than-0.1% error in the ns-r
diagram. The quasi-single field corrections on the ns-r diagram are plotted for a few inflation models.
Especially, the quasi-single field correction drives m2φ2 inflation to the best fit region on the ns-r
diagram, with an amount of equilateral non-Gaussianity which can be tested in future experiments.
I. INTRODUCTION
Any realistic inflation model accommodates plenty of massive fields. Those massive fields bring rich new
physics [1–45]. Quasi-single field inflation [3, 4, 10] aims to study the characteristic features of those massive
field perturbations.
As examples of massive fields, string oscillatory modes and Kaluza-Klein modes of extra dimensions generically
generates massive fields with mass m > H. While effects of Standard Model uplifting [34, 41, 42], supersymmetry
breaking [10, 39] and non-minimal coupling generate massive fields with mass m ∼ H (up to additional factors
from coupling constants). At the homogeneous and isotropic background level, unless otherwise excited, those
massive fields stay at their potential minima. However, at the perturbation level, the impact of those massive
fields show up through virtual particles which can be described by an effective field theory (EFT) [5, 6, 11, 18],
and real particles due to the particle production process of a time-dependent background [3, 4, 27].
The real particle contribution in quasi-single field inflation predicts characteristic signatures on non-
Gaussianities [3, 4, 27]. In the squeezed limit, the massive fields decay to curvature perturbation while
being diluted away, producing a family of quasi-local shapes of non-Gaussianities. Especially, when the massive
fields are underdamped by Hubble friction, the massive field effects manifest themselves as interference patterns
of the quantum phases of massive particles between their creation and decay. The real particle production effects
help test high energy physics and understand the primordial universe in many ways, for example
• As quantum primordial standard clocks [31, 33, 37] (see also [46–48] for classical primordial standard
clocks). Conventionally, from the scales k of the observed density fluctuations, one can infer the physics of
Hubble-crossing in the primordial universe, and thus the physics happened at conformal time τ = −1/k.
However, without the trace of physical time, the information about the expansion history of the universe is
missing. This is why the current high-precision observation may still leave space for the study of alternative-
to-inflation scenarios [49–52]. It is crucial to note that, the mass of a field is a physical parameter, which
provides direct information about the physical time of the primordial universe (for example, from the
physical oscillation frequency of the massive field). Once the physical time as a function of conformal time
is known, its differentiation gives the scale factor a(t) of the primordial universe. Thus, observing the
massive field interference patterns in non-Gaussianities is a direct way to measure the expansion history of
the primordial universe. Once observed, such non-Gaussian correlations provide a proof of inflation (or a
proof of an alternative-to-inflation scenario).
• As a cosmological collider [27, 34, 41, 42]. The characteristics of the massive particle, namely, mass,
spin and coupling are encoded as different features of non-Gaussianities – its behavior in its isosceles
squeezed limit, non-isosceles squeezed limit and the absolute amplitude, respectively. Thus in principle,
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2all the massive particle spectra is recorded in the density fluctuation correlations of the universe. And
the challenge is how many modes we can access and how well we can deduct the late-time sources of
non-Gaussianities. Once those massive particles are detected during inflation, they provide invaluable hints
on the future development of particle physics.
• As a test of quantum mechanics in the primordial universe [29]. During inflation, the light degrees of
freedom, namely the inflaton and the graviton, transits from its quantum vacuum to a classical state within
a very short time (horizon crossing). Thus they are not ideal for studying the quantum nature in the
primordial universe, such as entanglements, Bell inequalities, etc. Massive fields have slowly increasing
or non-increasing particle number and thus provide a cleaner arena to study the quantum effects of the
primordial universe [38].
As encoded in the fundamental principles of quantum mechanics, the above real particle effects always
accompany virtual particle effects. It is also important to study the virtual particle effects of quasi-single field
inflation in fine details, because
• As circumstantial evidences, the virtual particle effects can better confirm the real particle effects, to
promote the confidence level of future observations.
• Sometimes the real particle effects are too small to be observed. In this case, the virtual particle effects
provide systematic errors in determining inflation models from observations. We should understand those
systematic errors [26, 43].
In this paper, we focus on the virtual particle effects. We study the case where the inflaton fluctuation and
the massive field are coupled by
∆L ∝ ρp˙iσ , (1)
where pi is the (canonically normalized) Goldstone of time translation symmetry breaking, reflecting the inflaton
fluctuation, σ is the massive field, and ρ is a mixing parameter with mass dimension. Theoretically, this mixing
term can originate from a Lorentz invariant dimension-5 operator
O5 = − 1
2Λ
(∂φ)2σ . (2)
This dimension-5 operator reflects the UV sensitivity of inflationary perturbations. This is because ρ ∝ φ˙/Λ.
And φ˙ = H2/(2piP
1/2
ζ ) ' 3000H2. In other words, described by an EFT, the inflationary fluctuations can get
contributions from this dimension-5 operator if new physics arises at Λ . 3000H. Especially, if H ∼ 1013GeV
(which implies observable primordial gravitational waves in the next generation experiments), then the new
physics scale is about 1016 ∼ 1017GeV. This is well motivated in grand unification and perturbative string theory.
The inflationary power spectrum from Eq. (1) has been extensively studied in the literature. The weak
coupling case ρ m (where m is the mass of σ) is numerically studied in [4] and the analytical result is obtained
in [15]. In the large mass limit, an EFT is studied in [5, 6, 11]. The strongly coupled regime is studied in
[8, 9, 18, 45]. In [18], an improved EFT is proposed, which applies for both cases. But to date, an detailed
analysis for the implication of this EFT (for all parameters satisfying m2 + ρ2  H2) is missing. In this paper,
we fill this gap and study this EFT in the whole parameter regime where an EFT description is applicable. As
checked numerically, the EFT still works reasonably well even when m2 + ρ2 ∼ H2.
This paper is organized as follows: In Section II, we discuss the improved EFT approach. In Section III, we
provide a method to numerically solve the single field EFT. In Section III, we discuss the impact of massive
fields on power spectra observables, namely the ns − r diagram. We conclude in Section V.
II. THE IMPROVED EFFECTIVE FIELD THEORY
Considering the two-point mixing operator (1), we start from the following free action of the quasi-single field
inflation written in terms of the conformal time τ = −e−Ht/H,
S[pi, σ] =
∫
d3xdτ
1
2H2τ2
[
(∂τpi)
2 − (∇pi)2 + (∂τσ)2 − (∇σ)2 − m
2
H2τ2
σ2 − 2ρ
Hτ
σ∂τpi
]
. (3)
If we do not treat the two-point coupling between the two fields as interaction, then by the standard way to
canonically quantize the system, we can write the fields in the conformal momentum space as
pik(τ) = u
(1)
k (τ)a
(1)
k + u
(2)
k (τ)a
(2)
k + h.c. , (4)
σk(τ) = v
(1)
k (τ)a
(1)
k + v
(2)
k (τ)a
(2)
k + h.c. . (5)
3where the superscript (1) and (2) denote two different sets of modes defined in [45]. This leads to a set of coupled
differential equations
u′′k −
2u′k
τ
+ k2uk − ρ
H
(
v′k
τ
− 3vk
τ2
)
= 0 , (6)
v′′k −
2v′k
τ
+
(
k2 +
m2
H2τ2
)
vk +
ρ
H
u′k
τ
= 0 . (7)
the prime ′ denotes ∂τ , the derivative with respect to the conformal time. It is possible to solve these coupled
differential equations numerically. The initial conditions are determined by looking at the correctly normalized
solutions to equations of motion in the highly UV regime [45]. This coupled differential equation is in general
difficult to solve analytically. However, if we are only interested in the virtual particle contribution, we can
integrate out the σ field. Due to the special form of the interaction, we can view the whole Lagrangian as a
quadratic polynomial and a Gaussian integration can be directly performed. In the following, we study an
improved EFT, which can take into account both the local and non-local contributions of the virtual particle
effects. After we integrate out the heavy field, we are left with only the Goldstone field. It is widely known that
during inflation, this field will freeze at horizon crossing. We can further take advantage of this nice property to
have an approximate method to solve for the power spectrum.
In general, the path integral formulation of a time dependent quantum system is realized by the Schwinger-
Keldysh formalism [44], where two sets of field variables need to be taken into account, one time-ordered and
the other anti-time-ordered. Here because we focus only on the form of the action, we only consider one of the
two (for example, the time-ordered one). Thus the generating functional with zero external field is,
Z =
∫
DpiDσ exp
(
i
∫
d3xdτL
)
=
∫
Dpi exp
(
i
∫
d3xdτ
2H2τ2
((∂τpi)
2 − (∇pi)2)
)∫
Dσ exp
(
i
∫
d3xdτ
2H2τ2
[(∂τσ)
2 − (∇σ)2 − m
2
H2τ2
σ2 − 2ρ
Hτ
σ∂τpi]
)
=
∫
Dpi exp
(
iSeff [pi]
)
. (8)
When performing the path integral, we change variable to the canonically normalized field since this matches
the flat space field in the UV limit. We define a canonically normalized field ς ≡ aσ. Assuming the integration
measure is unchanged, the σ part of the integral can be written in terms of ς as∫
Dς exp
(
i
∫
d3xdτ
2
[ςς + 2ρa2ς∂τpi + (ρa2∂τpi)
1
 (ρa
2∂τpi)− (ρa2∂τpi) 1 (ρa
2∂τpi)]
)
. (9)
where
 ≡ −∂2τ +∇2 − (m2a2 − 2a2H2) . (10)
Integrating out ς, we obtained the effective action for the pi field,
Z =
∫
Dpi exp
{
i
∫
d3xdτ
2H2τ2
[
(∂τpi)
2 − (∇pi)2 + a−2ρ2pi∂τ
(
a2
1
a
2∂τ
)
pi
]}
. (11)
After Fourier transform ∇ → ik, so (∇pi)2 → (ikpi)(−ikpi) = k2pi2, we have the operator in momentum space
 = −∂2τ − k2 − (m2a2 − 2a2H2) . (12)
The real particle production is related to the situation where  = 0, which means there exists a pole in the
propagator. Another way of explanation is that the intermediate σ particle goes on-shell. Since in the effective
picture we do not see real σ particles, this is the place where the effective theory breaks down and particle
production of σ happens. As we check below, the real particle production is indeed subdominant and thus can
be neglected concerning the calculation of power spectrum. The second term in (12) characterizes the non-local
contributions. In the large ρ limit, this term has the dominant contribution. The third term characterizes the
local contributions. In the large m limit, this term dominates. Since we try to incorporate all the effects brought
about by m and ρ when there’s no σ particle produced, we want to consider the following expansion for the
propagator
1
 = −
1
k2 + (m2a2 − 2a2H2) +
∂2τ
(k2 + (m2a2 − 2a2H2))2 + . . . . (13)
4The first term characterizes all the contributions from the virtual particles, the second order term and higher
order terms contribute to real particle production. Inserting only the first term into the effective action, we
obtain
Seff =
1
2
∫
d3k
(2pi)3
dτ
1
H2τ2
[(
1 +
ρ2
k2H2τ2 +m2 − 2H2
)
pi′2 − k2pi2
]
. (14)
This action is similar to that obtained in [18]. There exist comprehensive studies of this effective field action in
the large ρ limit [8, 9, 18, 45] and large m limit [5, 6, 11], here we briefly review the results in the Appendix A.
With the presence of a sound speed, the time a mode crosses the horizon changes as −kτ ∼ c−1s because
this time the perturbations travel in the conformal Minkowski spacetime at a subluminal sound speed cs < 1.
After sound horizon crossing, the mode will freeze and have no super-Hubble propagation. The massive field
has a characteristic time scale −kτ ∼ m/H. When this characteristic time scale appear after horizon crossing,
it cannot change the power spectrum. Thus the large ρ EFT is applicable when c−1s ∼
√
ρ/H  m/H. In a
similar way, the large m effective field theory is applicable when
√
ρ/H  m/H. In the following, we present
our result for the improved EFT which can accommodate these two results and can deal with the situation that
the characteristic time scale of the massive field coincides with the sound horizon crossing scale.
From the effective action (14), we can read off an effective sound speed as
c−2s (kτ) = 1 +
ρ2
k2H2τ2 +m2 − 2H2 . (15)
This is previously derived as a dispersion relation in [18]. One can estimate τ using the horizon crossing formula
kτ = Bc−1s , (16)
where B is a constant to be determined by matching with the large ρ EFT. After horizon crossing, the mode
freezes. We insert this expression into (15) and obtain the equation
c−2s = 1 +
ρ2
H2B2c−2s +m2 − 2H2
. (17)
There are four solutions, we take the real positive solution for the inversed sound speed
c−1s =
√
2(ρ2 +m2 − 2H2)√
4B2H2ρ2 + (B2H2 +m2 − 2H2)2 −B2H2 +m2 − 2H2 . (18)
In the large mass limit m2  ρH, this expression becomes
c−1s =
√
1 +
ρ2
m2 − 2H2 . (19)
In the large ρ limit m2  ρH, this expression becomes
c−1s =
√
ρ
BH
. (20)
Matching this one with the large ρ expression √
ρ
BH
= C
√
ρ
H
. (21)
We obtain
√
B = C−1, C = 16pi
Γ(−1/4)2 ∼ 2.09 is obtained in [18, 45]. Note that we have assumed here that the
factor B does not depend on ρ. This is the main source of error (about 10%) in this analytical method. The
power spectrum is now corrected as
Pζ = P
(0)
ζ c
−1
s , c
−1
s =
√√√√ 2 (m2 − 2H2 + ρ2)
m2 − 2H2 − H2C4 +
√(
m2 − 2H2 + H2C4
)2
+ 4H
2ρ2
C4
. (22)
This result is obtained by physically considering sound horizon crossing can recover the result of large ρ EFT in
the limit ρ→∞ and the result of large m EFT when m→∞. Moreover, no hierarchy between the two scales√
ρ/H and m/H is needed.
5III. NUMERICAL SOLUTION OF THE EFT EQUATIONS
In order to test the improved EFT method as well as the assumption that an EFT can apply at all, we should
compare our result with the numerical result in the full theory. Using the variation principle of the effective
action (14), we can obtain the equation of motion of the pi field,
pi′′ − 2
τ
pi′
(
1 +
ρ2H2k2τ2
(m2 − 2H2 +H2k2τ2)(m2 − 2H2 +H2k2τ2 + ρ2)
)
+ k2
1
1 + ρ
2
k2H2τ2+m2−2H2
pi = 0 . (23)
We can see that after deriving the equation of motion, we got an correction to the Hubble parameter, which
is in the bracket of the second term. The third term corresponds to the change of the sound speed which we
previously obtained. Numerically solving this equation is proved to be challenging and it turns out difficult to
obtain an accurate result. Here we avoid this problem by casting this equation into an equation in the form of a
harmonic oscillator with time-dependent frequency. Make the following variable substitution
χ =
√
m2 − 2H2 + ρ2 +H2k2τ2
τ
√
m2 − 2H2 +H2k2τ2 pi . (24)
With the new χ field, we can eliminate the first order derivative term which previously exists in the equation of
motion of the pi field. The equation of motion for the χ field is
χ′′ + w2(τ)χ = 0 , (25)
where the coefficient w is
w2(τ) = k2
(
c2s −
H2ρ2
(
5H4k4τ4 + 2H2k2τ2
(−6H2 + 3m2 + 2ρ2)+ (m2 − 2H2) (−2H2 +m2 + ρ2))
(H2 (k2τ2 − 2) +m2)2 (H2 (k2τ2 − 2) +m2 + ρ2)2
)
− 2
τ2
.
Eq. (25) is then solved numerically. The results of the numerical calculation are be represented in the below
section in terms of power spectra observables.
Notice that this method is only applicable in the parameter region m >
√
2H because there exist a singularity
in Eq. (25) if m <
√
2H. So in this region we still use the original Eq. (23), where instead of a singularity, we
only have a stiff point in the equation of motion.
IV. IMPACTS ON POWER SPECTRA OBSERVABLES
In this section, we compare the improved EFT (both analytical approximation and numerical solution) with
the numerical solution of the full two-field theory. to see how well our result can approach the real power spectra
observables.
We first look at the correction to the primordial power spectrum. We compare the improved EFT results and
that of numerically solving the coupled differential equations in the full theory (See Fig. 1). The improved EFT
agrees well with numerically solving the coupled differential equations when the mass m and the coupling ρ
satisfy m2 + ρ2 > 4H2.
Next, we compare the large m EFT, large ρ EFT, improved EFT and numerical EFT with the exact value of
numerically solving the coupled differential equations (6). We plot the result on four density plots presented in
Fig. 2. As we can see from the plots, large m EFT is only suitable when
√
ρ/H  m/H while large ρ EFT only
suitable when
√
ρ/H  m/H. The improved EFT can cover the region √ρ/H ∼ m/H with about 10% error.
The numerical EFT has a maximum error of 5% and an average error of 0.1% in the region that this method is
applicable. The result indicates that in this region m >
√
2H the EFT method is suitable and the real particle
production contribution is negligible.
We continue to consider the shift on the ns-r diagram with the presence of the massive field. We adopt the
definition of slow roll parameters as
 = − H˙
H2
, η =
˙
H
. (26)
60.1 1 10 100 1000
10-5
0.001
0.100
10
ρ/H
ΔP ζ/P
ζ(0) m=0.125Hm=0.5H
m=1.5H
m=2H
m=8H
m=32H
m=128H
FIG. 1: The correction to the primordial power spectrum. The dots are results from numerically solving the coupled
differential equations of the pi field and σ field. The solid line is our result. In the parameter region m2 + ρ2 > 4H2,
our new analytical result agrees well with the numerical result. The red, orange, yellow, green, cyan, blue and purple
corresponds to m = 0.125H, 0.5H, 1.5H, 2H, 8H, 32H, 128H, respectively.
FIG. 2: A comparison of the relative error (PEFTζ − P fullζ )/P fullζ of the improved EFT, numerical EFT, large ρ EFT and
large m EFT. We compare them with numerically solving the coupled differential equations which we regard as the exact
value.
7FIG. 3: Comparison of the analytical approximation of the improved EFT (solid line), numerical solution of the improved
EFT (dotted), and the numerical result from solving the coupled linear differential equations (dashed) on the ns-r diagram.
The yellow, red, green and blue correspond to the mass m = H, 2H, 5H and 25H, respectively. The shaded region, from
inner to outside, is the Planck 2015 σ, 2σ and 3σ constraints on the ns-r diagram. There are two clusters of plots. The
cluster on the left hand side corresponds to e-folding number N = 50. The cluster on the right hand side corresponds to
the e-folding number N = 60.
0.93 0.94 0.95 0.96 0.97 0.98 0.99
0.00
0.05
0.10
0.15
0.20
0.25
0.30
ns
r
R
2
ϕ1/2ϕϕ2ϕ3ϕ4
FIG. 4: The shift of the prediction ns-r for different models. The solid lines correspond to the ns-r of the original single
field model. The dashed lines correspond to the shifted ns-r values in the large ρ limit. In this plot, we take cs = 0.1
(assuming mass m < 5H) which is consistent with the experiment. Each line connects two dots. The dots on the left hand
side corresponds to the e-folding number N = 50 and the dots on the right hand side corresponds to the e-folding number
N = 60. The black, blue, yellow, green, red, purple lines correspond to the Starobinsky, φ1/2, φ, φ2, φ3 and φ4 theories,
respectively. As we can see from this plot, each model has a smaller r value and a larger ns value after considering
quasi-single field corrections.
The spectral index ns is defined through the scale dependence of the power spectrum
ns − 1 ≡ d lnPζ
d ln k
=
d ln
(
H2
 c
−1
s
)
d ln k
=
d ln
(
H2

)
+ d ln c−1s
d ln k
= −2− η + d ln c
−1
s
d ln k
= −2− η + ∂ ln c
−1
s
∂ ln ρ
d ln ρ
d ln 
d ln 
dN
dN
d ln k
+
∂ ln c−1s
∂ lnm
d lnm
d lnH
d lnH
dN
= −2− η + 1
2
∂ ln c−1s
∂ ln ρ
η +
∂ ln c−1s
∂ lnm
 . (27)
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Large m EFT
Improved EFT
Planck exclusion bound on cs
0 10 20 30 40 50
0
1
2
3
4
5
ρ/H
m
/H
FIG. 5: The parameter regime suitable for the large m EFT (
√
ρ/H < Cm/H, blue) and large ρ EFT (√ρ/H > Cm/H,
red). The improved EFT method is valid for all the parameter regions satisfying m2 + ρ2 > 4H2. The white region with
small m and small ρ (m2 + ρ2 < 4H2) is not covered by our improved EFT result. The Planck exclusion bound on the
sound speed cs is also plotted in the figure as a shaded region.
In the expression of ns − 1, on the one hand, the errors in the power spectrum calculation (due to analytical
approximation or numerical error) are amplified because of differentiation. On the other hand, the errors are
multiplied by  and η/2, which are at percent level or less.
In the large ρ scenario, c−1s becomes independent of the mass of the σ field, and the scaling of c
−1
s is driven to
(ρ/H)1/2. As a result, the correction converges to
ns − 1 large ρ−−−−→ −2− 3
4
η . (28)
Thus in the strong coupling limit, ns is attracted to a universal value for arbitrarily heavy massive fields (but
with m/H .
√
ρ/H). We can write down the eventual spectral index for a given single field inflation model.
Starobinsky : ns = 1− 9
2N2
− 2
N
⇒ ns = 1− 15
4N2
− 3
2N
(29)
φn : ns = 1− 2n+ 4
n
V ⇒ ns = 1− 2n+ 3
n
V , V =
(
1 +
4N
n
)−1
(30)
where N is the e-folding number. For all these models, the correction to ns is positive.
The power spectrum for the primordial gravitational waves is not influenced by the interactions between the
inflaton and the massive fields
Pγ =
2
pi2
H2
M2pl
. (31)
The tensor to scalar ratio can be written as
r =
Pγ
Pζ
= 16× cs . (32)
As the coupling strength between the inflaton and the massive fields increases, the tensor to scalar ratio r
decreases indefinitely.
We plot the running trajectory of the φ2 inflation model prediction on the ns-r diagram in Fig. 3. The
numerical EFT result coincides with full theory solution very well if the mass is large enough (say, 5H or
more). This again confirms the feasibility of ignoring heavy particle production and considering only the virtual
processes, if viewed perturbatively. On the other hand, the analytical result for improved EFT is accurate when
ρ is big or m is big (actually also in the small m regime, i.e. H . m . 2H, where the improved EFT trajectory
tracks the exact one considerably closely).
We select a few typical inflation models with a massive field and examine their behaviors in the large ρ limit.
The change of the ns-r diagram is plotted in Fig. 4. The simplest m
2φ2 model becomes favored by experiments
9again after considering quasi-single field corrections. This behavior is previously noticed by [45]. Note that for
the m2φ2 model to be driven to the observationally favored regime in the ns-r diagram, cs should be considerably
smaller than 1. Thus unless fine-tuned, one expects that the future non-Gaussianity experiments have the
potential to test the consistency of such quasi-single field corrections.
The Planck constraint on the sound speed is cs > 0.087 [53]. We derived a constraint on ρ/H and m/H,
(ρ/H)2 − 131.118(m/H)2 < 642.026 . (33)
The parameter region of the large ρ EFT, large m EFT and our improved EFT with the Planck exclusion
region from the constraint on cs is plotted in Fig. 5. As we can see from this result, the large ρ region is excluded
from the Planck constraints on cs because when ρ is large, the sound speed scales as cs ∼
√
ρ/H. Also although
there is no explicit constraint from the ns-r diagram, as we can see from Fig. 3, in general, bigger ρ/H is favored
by data for m2φ2 inflation. This further motivates us to consider the intermediate region of
√
ρ/H ∼ m/H,
which is a more favored parameter region from both the constraints from the sound speed and the constraint
from the ns-r diagram.
V. CONCLUSION
We study the EFT for quasi-single field inflation, taking into account of all the virtual particle contributions.
In the analytical approximation, an effective sound speed is introduced. The sound speed is a function of the
mass of the massive particle m, the coupling ρ, and the time scale kτ . Previously the power spectrum is only
obtained in the large m limit (m/H  √ρ/H) and the large ρ limit (√ρ/H  m/H). We used a horizon
freezing approximation method to estimate the sound speed and the primordial power spectrum. Because of
the nice property of the inflaton that it will freeze at the time scale kτ ∼ c−1s . The effective sound speed can
be solved. Our result can cover all the parameter region where an EFT can be applied, including the region√
ρ/H ∼ m/H with an error of 10% compared with numerically solving the coupled differential equations. This
corresponds to an error of 0.1% in the ns-r diagram.
We further check how big the real particle production process contributions to the power spectrum by
comparing numerically solving the single equation of motion of the pi field and numerically solving the coupled
differential equations. We find that in the dominate parts of the parameter space (for large m, ρ parameters), the
real particle production accounts for 0.1% of the primordial power spectrum thus can be neglected in comparing
power spectra observables with observation.
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Appendix A: A Brief Review about large ρ EFT and large m EFT
We review the previously known limits of the quasi-single field EFT.
• Large ρ limit [8, 9, 18, 45]: The effective action becomes
Seff =
1
2
∫
d3k
(2pi)3
dτ
1
H2τ2
[
ρ2
H2τ2k2
(∂τpi)
2 − k2pi2
]
. (A1)
The conjugate momentum of the pi field is
θ =
δS
δpi′
=
ρ2
H4τ4k2
pi′ . (A2)
The pi field is quantized as
pik(τ) = uk(τ)ak + u
∗
k(τ)a
†
−k . (A3)
10
The pi field and its conjugation θ should satisfy the commutation relation
[pik(τ), θk′(τ)] = i(2pi)
3δ3(k + k′) , (A4)
which implies that the mode function uk(τ) and its conjugate u
∗
k(τ) should satisfy the following normalization
(uku
′∗
k − u′ku∗k)
ρ2
H4τ4k2
= i . (A5)
The equation of motion for the pi field is
ρ2
H2
d
d(kτ)
(
1
k4τ4
duk
d(kτ)
)
+
uk
k2τ2
= 0 . (A6)
Using the normalization condition to fix the coefficients, the solution of the pi field becomes
uk(τ) =
(
2pi2ρ
H
)1/4
H√
2k3
(
k2τ2H
2ρ
)5/4
H
(1)
5/4
(
k2τ2H
2ρ
)
. (A7)
The power spectrum is
Pζ =
H2
φ˙2
|uk(τ)|2τ→0 =
H4
φ˙2
(
1
2k3
)[
16pi
Γ2(−1/4)
(
ρ2
H
)1/2 ]
. (A8)
It leads to the correction to the original power spectrum as
Pζ = P
(0)
ζ (k)c
−1
s , c
−1
s = C
(
ρ
H
)1/2
, (A9)
where C = 16pi/Γ2(−1/4) ' 2.09 is a constant.
• Large m limit [5, 6, 11]: The effective action in the large m limit is
Seff =
1
2
∫
d3k
(2pi)3
dτ
1
H2τ2
[(
1 +
ρ2
m2 − 2H2
)
(∂τpi)
2 − k2pi2
]
. (A10)
The conjugate momentum is
θ =
δS
δpi′
=
1
H2τ2
(
1 +
ρ2
m2 − 2H2
)
pi′ . (A11)
The normalization is
(uku
′∗
k − u′ku∗k)
(
1 +
ρ2
m2 − 2H2
)
= i . (A12)
After taking this normalization into account, the solution to the mode function pi is
uk(τ) =
H√
2csk3
(1 + icskτ)e
−icskτ , cs = 1/
√
1 +
ρ2/H2
m2/H2 − 2 . (A13)
As a side remark that a similar result cs = 1/
√
1 + ρ
2/H2
m2/H2−9/4 can be obtained by explicit summing over the
Feynman diagrams using the Schwinger-Keldysh formalism.
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